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Abstract

Thermal treatment of supersaturated Ti;_,Al.N films (x ~ 0.67) with a dominant ternary cubic-phase were performed in the 700—
1000 °C range. Grazing incidence X-ray diffraction (GIXRD) shows that, for annealing temperatures up to 800 °C, the film structure
undergoes the formation of coherent cubic AIN (c-AIN) and TiN (c-TiN) nanocrystallites via spinodal decomposition and, at higher
temperatures (=900 °C), GIXRD shows that the c-AIN phase transforms into the thermodynamically more stable hexagonal AIN
(h-AIN). X-ray absorption near-edge structure (XANES) at the Ti K-edge is consistent with spinodal decomposition taking place at
800 °C, while Al K-edge and N K-edge XANES and X-ray emission data show the nucleation of the h-AIN phase at temperatures
>800 °C, in agreement with the two-step decomposition process for rock-salt structured TiAIN, which was also supported by X-ray dif-
fraction patterns and first-principle calculations. Further, the resonant inelastic X-ray scattering technique near the N K-edge revealed
that N, is formed as a consequence of the phase transformation process.
© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The development of hard and wear-resistant thin film
nanomaterials for specific applications has been the objec-
tive of numerous investigations in recent years [1,2]. The
focus has been primarily on the design of new thin film
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compositions with improved physical properties at the tem-
perature of application. New methods such as resonant
inelastic X-ray scattering (RIXS) have become available
for characterizing the bonding and electronic structure of
materials [3]. Such methods can be used to characterize
new complex nanostructured thin films and to attain better
fundamental knowledge of these key materials.

Al-rich Ti;_ Al N coatings are widely used for high
temperature, high wear resistance applications, and it is
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known that annealing of Ti;_,Al.N coatings can result in
hardness improvements at elevated temperatures [4-7].
The most common explanation for this phenomenon is
the generation of a high micro-stress level at the c-AIN/c-
AITiN interfaces, which leads to an increase in microhard-
ness. This is the opposite trend to that which occurs in
standard titanium nitride films deposited at intermediate
temperatures, where annealing can lead to significant stress
relief [8]. However, with regard to dealing with Al-rich
Ti;_AlN, not all coatings are alike, even those with iden-
tical chemical compositions. Slight process parameter vari-
ations employed in the deposition recipes result in coatings
with significant differences in mechanical properties and
wear performance [9]. This has been one of the topical
issues engaging coating designers in recent years. The
nanocrystalline structure and near-amorphous nature of
certain Al-rich Ti;_,Al,N compositions (0.6 <x <0.7)
make it a complex task for coating developers to differenti-
ate between some of the key structural features using con-
ventional laboratory techniques. Owing to the high amount
of aluminum, the Al-Ti-N coating has a very fine-grained
nanocrystalline structure (grain size ~5 nm). The specifics
of the interatomic bonds in the crystal lattice of Ti;_,Al N
affect their physical properties such as plasticity and hard-
ness. The electronic structure indicates formation of metal-
lic bonds, resulting in an increase in plasticity at the cost of
hot hardness reduction. The surface is then able to dissi-
pate energy by means of plastic deformation (instead of
crack formation) and, in this way, surface damage might
be reduced. Addition of aluminum can significantly
increase the energy band gap between the conduction band
(CB) and the valence band (VB), reducing the metallic
character of the interatomic bonds in the Ti;_,Al N lattice
and, as a consequence, this material obtains properties clo-
ser to that of a semiconductor [10].

Recently, owing to its elemental and local character
selectivity, synchrotron radiation techniques such as X-
ray absorption near-edge structure (XANES) have been
successfully employed to resolve the bonding structure of
Ti;_,AlN coatings and to monitor the Al incorporation
into the cubic cell [11,12]. In addition, XANES has been
used to point out the formation of Ti—Al bonds as a result
of the segregation of the wurtzite phase [11]. Moreover, the
solubility of silicon in ternary and quaternary nitrides,
depending on their crystalline structure was recently
reported [13].

Although the decomposition of metastable Ti;_, Al N
with NaCl-type structure (c-Ti;_,Al.N) upon annealing
has been the subject of considerable research effort in the
last decade [6,10,14], the structural evolution of borderline
supersaturated (where there are mixed hexagonal and cubic
phases) Ti;_ AL.N films with annealing temperature is still
unknown. Phase separation of c-Ti;_,Al, N into coherent
cubic domains has been explained by spinodal decomposi-
tion of the metastable ternary solid solution upon anneal-
ing [5,6,14-17]. According to a recent theoretical
investigation, the mixing enthalpy of cubic TiN (c-TiN)

and AIN (c-AIN) phases is very high, primarily due to
the unfavorable localization of Ti non-bonding electronic
states [10]. The high mixing enthalpy leads to the possibility
of a negative second derivative of the free energy with
respect to composition and, therefore, also the prospect
of spinodal decomposition.

In a study by Horling et al. [5], the asymmetric broaden-
ing of X-ray diffraction (XRD) peaks from the cubic phase in
coatings of Tij 34Alj 66N annealed at 900 °C were interpreted
as spinodal decomposition. More recently, compositional
segregations of Ti and Al in Tig 34Alg ¢¢N/TiN multilayer
coatings annealed at 900 °C were revealed by scanning trans-
mission electron microscopy (STEM) elemental mapping
[15]. High-resolution TEM showed Al-rich coherent
domains that were consistent with a spinodal-type decompo-
sition of T1;_ Al N into c-TiN and c-AIN. However, definite
evidence of such spinodal decomposition is still desirable.

It has also been reported that the Al content and distri-
bution, together with structural disorder, can play a signif-
icant role in the compound evolution and stability upon
annealing [6]. In a supersaturated state it is possible that
the Al distribution can lead to small segregations of the
hexagonal AIN (h-AIN) phase. Hugosson et al. [18§]
reported that alloying transition metal carbides with com-
peting structures can create polytypic compounds in which
the propagation of dislocations can be strongly suppressed
by a large number of interfaces between structures with dif-
ferent glide systems. This concept can also be extended to
the Ti;_ALN system in order to optimize the mechanical
performance in a specific application. For some applica-
tions, it was shown that only a very small amount of such
h-AIN phase could be tolerated, owing to the concomitant
reduction in hardness [4,19]. However, even though this
phase formation reduces hardness, it also refines grain size
and improves ductility, which is of critical importance for
some unstable wear modes such as attrition wear, which
is typical for machining of widely used hard-to-cut aero-
space alloys (titanium alloys and nickel-based superalloys)
[4], for instance, as well as for machining of austenitic
stainless steels [9] among many other technological applica-
tions. This study reports on the evolution of such a super-
saturated Ti;_,Al N system, using a variety of advanced
synchrotron radiation spectroscopic techniques. Using the
spectroscopic fingerprints of supersaturated Ti;_ Al N
films annealed up to 1000 °C in correlation with XRD
analysis, the spinodal decomposition of the cubic ternary
Ti;_ Al N phase, the subsequent transformation of c-
AIN domains to h-AIN and the formation of a fraction
of molecular nitrogen are confirmed.

2. Experimental details

The Al-rich Ti;_,Al,N hard coatings were synthesized
using Oerlikon Balzers’ Rapid Coating System deposition
equipment in a cathodic arc ion-plating mode using
Alg;Tisz targets. The system also incorporated two pure
Ti targets to synthesize a pure metallic adhesion layer
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(~30 nm thick). Prior to deposition, the substrates, mirror
polished cemented carbide WC/Co turning inserts, were
heated and plasma etched using an argon ion etching pro-
cess. For the deposition of the Ti;_Al.N layer, the cham-
ber was back-filled with a pure reactive nitrogen
atmosphere, and the pressure was in the range 0.1-3 Pa.
The substrates had threefold rotation, and they were
heated to a temperature of ~600 °C prior to deposition.
In order to control the substrate temperature, thermocou-
ples were placed in the fixed part of the rotating carousel
and in the line of sight of the substrates. These thermocou-
ples are needed in order to control the irradiative heaters
placed in two levels in the chamber walls before deposition.
During the deposition, an average bias voltage of —100 V
was also applied to the substrates. The average distance
from the cathode was 35 cm, and the deposition times were
adjusted in order to achieve coating thicknesses of
3.5+ 0.2 um. The annealing experiments on the coated
samples were performed in high vacuum at 1 x 10°°
mbar for 2 h. The samples, annealed at temperatures of
800 °C or lower, kept the same light blue-gray appearance,
while the samples annealed at higher temperatures showed
a slight color change towards dark gray, probably due to a
small amount of surface tarnishing.

The chemical composition was determined by Ruther-
ford backscattering spectrometry (RBS) with a 5-MV
HVEE Tandetron accelerator sited at the Centro de
Micro-Analisis de Materiales at Universidad Auténoma
de Madrid. RBS spectra were collected using a 2-MeV
He" beam. In order to improve the sensitivity to nitrogen,
experiments at 3.71 MeV were also collected in order to
have [14] N(a, o) resonance. The composition of the sam-
ples is shown in Table 1; all the compositional data are
within +1 at.% error. The structural characteristics of the
films were probed by grazing incidence X-ray diffraction
(GIXRD) at an incident angle of 2° with respect to the sub-
strate surface. The experiments were done with a Co K,
source (wavelength 0.179 nm) using an INEL diffractome-
ter. The lattice parameters and respective errors were deter-
mined from single peak analysis of (1 0 0) for w-Ti; Al N
and (2 0 0) for ¢-Ti;_ ALN.

Total energy and electronic structure calculations were
performed using density functional theory and the projec-
tor augmented wave method [20] as implemented in the
Vienna Ab Initio Simulation Package [21]. The generalized
gradient approximation Perdew-Burke-Ernzerhof func-
tional was used [22,23]. The atomic geometries were fully

Table 1
RBS chemical composition analysis using 3.710 MeV He*for as-deposited
and annealed Ti-Al-N.

Sample N (at.%) Al (at.%) Ti (at.%)
As-deposited 51 32 17
700 °C 51 32 17
800 °C 51 31 18
900 °C 51 31 18
1000 °C 52 31 17

optimized until the Hellmann-Feynmann forces on each
atom were less than the threshold value of 107> eV A~
To ensure convergence of energy, a cutoff of 800 eV was
used for the plane wave expansion of the wave function
and a 8 x 8 x 8 k-points mesh for all investigated systems.
A full structure relaxation (volume, atom positions and
shape of the cell) was performed in all calculations. Primi-
tive cells were used to model c-TiN and h-AIN. A2 x 2 x 1
supercell consisting of 32 atoms was used for modeling c-
Ti;_ ALN. Of these 32 atoms, 16 were on the cation lattice
and 16 on the anion lattice. The Al atoms were distributed
onto the cation lattice, such that four different coordina-
tions of N-Meg, where Me = Al, Ti, were considered.

The bonding structure of the films with elemental sensi-
tivity to local environments of N, Ti and Al sites was stud-
ied by XANES. Measurements with soft (N Is and Al 1s
edges at 400 and 1800 eV) and hard (Ti 1s between 4950
and 5100 eV) X-rays were carried out at the Canadian
Light Source (CLS) synchrotron using the SGM beamline
and at BESSY-II (Berlin, Germany) synchrotron facility
using the KMC-2 beamline, respectively. Soft X-ray mea-
surements were performed in both total electron yield
and total fluorescence yield (TFY) modes, while hard
X-ray measurements were performed only in TFY mode.
The spectra reported in the figures of this article were col-
lected in TFY mode and, consequently, the analysis and
conclusions drawn correspond to changes only within the
bulk of the Ti;_,AlN layer and not to superficial effects,
which could be influenced by the slight surface tarnishing
or by the presence of surface macroparticles. Both emission
and RIXS spectra were recorded at the Advanced Light
Source (Berkeley, CA) using beamline 7.0.1 incorporating
a Nordgren-type grazing-incidence spherical grating spec-
trometer [24] with the energy resolution set to 0.4 eV at
the N K-edge. The incident photon energy was calibrated
to a hexagonal BN reference sample, measured during
the experiments. The energy resolution of the incoming
photons was set to 0.4 eV for the emission spectra measure-
ments. The emission energies were calibrated to the elastic
features of emission spectra of the N K-edge of the BN
reference sample.

3. Results and discussion
3.1. Structural analysis by GIXRD

Fig. 1a shows the GIXRD patterns for the film as depos-
ited and annealed at 700, 800, 900 and 1000 °C. The diffrac-
tograms clearly exhibit the signature of the cubic c-
Ti;_ Al N ternary phase with diffraction lines between
those of ¢-TiN and c-AIN. Reflections in the vicinity of
the theoretical positions of the h-AIN phase are also
observed for all the conditions. The evolution of the cell
parameter for the cubic (ac) and hexagonal/wurzite (aw)
phases is plotted in Fig. 1b and c, respectively.

The size of the cubic cell remains nearly unchanged
between room temperature and 800 °C before sharply
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Fig. 1. (a) XRD patterns for Tiz3Als;N in as-deposited (as-dep) state and after annealing in vacuum at various temperatures. (b) Lattice parameter (ac) of
face-centered cubic Ti;_,AlN and estimated TiN molar fraction. (c) Cell parameter (aw) of hexagonal close-packed Ti,_,Al,N. (d) Magnified view of the

200 diffraction peaks of the annealed films.

rising up to that of TiN. In contrast, aw starts to shrink at
700 °C and approaches the value of w-AIN at 1000 °C. In
parallel, the cw/aw cell parameters ratio is stable at 1.6,
indicating a homogeneous deformation of the hexagonal
lattice. Gago et al. [11] recently observed shrinkage of the
¢-Ti;_ Al N ternary solid solution upon Al incorporation.
Thus, the expansion observed with heating can reasonably
be ascribed to an increase in the atomic concentration of Ti
in ¢-Ti;_, AlN, as shown in Fig. 1b. The opposite geomet-
rical variations observed for the two phases (Fig. 1b and c)
suggest that titanium and aluminum atoms are exchanged
at high temperature between the cubic and hexagonal
regions of the films. Nevertheless, the onset temperature
for cubic cell expansion is slightly higher than that of the
wurtzite cell shrinkage. Fig. 1d shows magnified views of
the (200) diffraction peaks of the annealed films. After
the 700 °C treatment, the peak is asymmetric and presents
a hump characteristic of TiN. The same is observed after
the 800 °C treatment, but to a lower extent. This is in line
with a separation of the original c-Ti;_,Al,N in an Al-poor
and an Al-rich phase upon heating in this temperature
range, as usually reported for high Al content c-Ti;_,Al,N
thin films [4,6]. This may explain why the c-Ti; ,AlN

expands after wurtzite shrinkage. At higher temperatures,
the peak approaches the position of TiN and is symmetri-
cal, even though a small contribution of (2 0 0) c-AIN can
be hypothesized after a 1000 °C treatment.

In Fig. 2, the measured X-ray patterns at 800 °C and
1000 °C, along with patterns calculated from first princi-
ples, are displayed. The peak at 38.4° can be assigned to
h-AIN, as can the peaks at 58.2° and 69.0°. The peaks at
50.6° and 74.3° are signatures of the c-Ti;_,Al.N or c-
TiN structure, whereas the peak at 43.4° could have a pos-
sible origin in h-AIN, ¢-TiN or ¢-Ti;_,AlN or in mixtures
thereof. The broadening of this peak at 1000 °C compared
with that at 800 °C might be caused by more significant
h-AIN formation. Interesting to note is the small contribu-
tion from c¢-T1;_ Al N at 58.2°, which is seen in the calcu-
lated X-ray pattern. This indicates that this peak would
appear just by symmetry breaking in the c-Ti;_, Al N
structure owing to the high Al-content. Moreover, the
intensity ratio between the peak at 43.4° and 50.6° in the
measured pattern is best matched by the calculated c-
Ti;_AlN pattern.

Finally, the grain size was calculated by the Scherrer for-
mula [25] after subtraction of the peak broadening from the
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Fig. 2. X-ray diffractogram for Tiz;;Ale;N after annealing in vacuum at
800 and 1000 °C along with the calculated X-ray patterns of c-TiAIN
(supercell model), h-AIN and c-TiN. The calculated patterns have been
matched to the height of the peak with maximum peak area in the
experimental spectra (at 43.4° 20 for h-AIN and at 50.6° 20 for c-TiN and
c-TiAIN).

experimental setup. The grain size average varied between
5 nm in the as-deposited state and 8.5 nm after the anneal-
ing process at 1000 °C, for both cubic and wurtzite phases.

3.2. X-ray absorption features

3.2.1. Ti(ls) edge

Fig. 3a presents the Ti 1s spectra of as-deposited and
annealed Ti;3Alg;N samples. The spectrum of a TiN sample
(features A—C) is also shown here for comparison. For the
as-deposited Ti;_, Al N sample, at low energy (<4975 ¢V),
the spectrum shows a characteristic pre-edge peak (feature
D), which is located at ~4967 e¢V. In a recent work on Ti
K-edge of ternary Ti-Si—N films, the pre-edge peak of the

6291

Ti K spectra at this energy was assigned to Ti-d states
hybridized with Si-p states [13]. Aluminum, like silicon,
has p states at the CB; consequently, it is feasible to inter-
pret that Ti-d states along with Al-p contribute to the pre-
edge peak. However, this contribution should not be the
only origin of the pre-edge peak: hybridization between
Ti-d and N-p states is also possible, as evidenced in the
TiN spectrum. In the annealed samples, feature D is shifted
~1.5 eV towards higher energy, and it is worth noting that
the overall intensity of the pre-edge peak is decreased with
annealing temperature, which is consistent with a decrease
in the number of Ti-Al bonds and phase separation of c-
Ti;_ALN phase. Similarly, at the high energy region
(>4980 eV), there is a sudden change at 800 °C in the line-
shape of the Ti K-edge in Ti;_, Al N films, which is high-
lighted by the appearance of feature C at this temperature
and the overall match of these spectra with that of the
standard TiN sample (prepared using reactive cathodic
arc deposition), which is additional evidence that some
phase decomposition of the Ti;_,Al,N phase has already
taken place.

3.2.2. Al(ls) edge

Fig. 3b shows the Al(1s) edges of the as-deposited and
annealed Ti;_,Al.N samples, together with the spectrum
from an h-AIN reference sample. The energy features (G-
J) in the fine structure of the Al (1s) edge for h-AIN are
related to transitions from Al (1s) to p and d hybridized
orbitals [26]. Regarding the c-AIN allotrope, there is less
information available, owing to its metastable character.
As predicted theoretically [26], rock-salt AIN environments
should present features distinct from those of h-AIN owing
to the different coordination number. Experimentally, c-
AIN fingerprints have been studied by stabilizing this phase
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Fig. 3. (a) TFY X-ray absorption spectroscopy patterns for Tij;3;Alg;N in as-deposited (as-dep) state and after annealing in vacuum at various

temperatures: (a) Ti K-edge; (b) Al K-edge; (c¢) N K-edge.
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in short-period TiN/AIN multilayers under compressive
stress [27] and upon segregation in low-carbon alumi-
num-Kkilled steels [28]. In contrast to h-AIN, cubic arrange-
ments should present a dominant single peak downshifted
~1 eV with respect to the main h-AIN feature (L). Simi-
larly, feature (K), which is dominant in the c-AIN standard
spectra (represented from theoretical prediction [26]), could
also be correlated with the formation of cubic domains.
Under these considerations, the maximum of intensity
around feature L at the Al(1s) spectrum from the as-depos-
ited films reveals that Al sites in this film are mainly cubic.
The width of feature L in the as-deposited film is signifi-
cantly larger than that reported for c-Ti;_,Al N ternary
solutions grown by magnetron sputtering [11]. This fact
could be attributed to a more disordered structure here,
due to the effect of ion implantation damage caused by
the high substrate bias and the high metal plasma density
produced by the cathodic arc technique along with a high
Al content which is close to that leading to nanocrystalline
films [29]. A weak shoulder at the G position is also clear in
the as-deposited film, indicating the reduced presence of h-
AIN precipitates, in agreement with GIXRD. Clearly, on
an increase in the annealing temperature, the intensity of
features G, H, I and J are promoted owing to the increasing
participation of h-AIN sites. The formation of h-AIN is
significant > 900 °C.

3.2.3. N(1s) edge

The N 1s spectra (shown in Fig. 3c) of titanium nitride
can be related to the density of unoccupied N-2p states
with two clear regions related to hybridization with the
empty Ti-d (397-404 ¢V) and Ti-4sp (404414 eV) bands.
The lineshape of the N 1s spectra in the h-AIN compound
corresponds to unoccupied N-2p states hybridized with Al-
3p states in the energy range 400-410 eV. The soft X-ray
absorption (SXA) spectrum is polarization dependent and
reflects the anisotropy of the unoccupied states in wurtzite
AIN [30,31]. However, given the similar and random/disor-
dered texture of the nanocrystalline h-AIN phase appearing
in the films (as shown in Fig la), it is possible to compare
between the samples. It is observed that there is some
amount of overlap between the Ti-d and Al-p states which
adds some complexity to the electronic structure analysis of
nanocrystalline titanium aluminum nitrides. Indeed, the
spectra of the as deposited Tis3Alg;N film show extensive
filling of the edge with large broadened peaks in which it
is difficult to separate both contributions. Specifically, fea-
ture O (in TiN) and feature Q (in AIN) are separated by
~0.5 eV; such a short distance is difficult to resolve, consid-
ering the large width of the Tiz3Alg;N peaks. In addition,
the Tiz3Alg;N films annealed at temperatures >800 °C
show the presence of a sharp feature at ~401.4 eV (which
falls in between features O and Q), which will be discussed
below.

In order to attain additional information, the c-TiN
standard contribution normalized at ~398.5eV has been
subtracted from the N 1s TFY XANES for the various

TizzAlg7N samples and is shown in correlation to h-AIN
and c-AIN spectral references in Fig. 4. It is observed that,
after the subtraction, a shoulder peak at ~397.1eV
appears, and its intensity decreases with annealing temper-
ature. The peak is associated with the large width of the
peaks in the as-deposited sample compared with the highly
crystalline c-TiN standard which was employed, and high-
lights the changes in the crystallinity of the sample upon
annealing. Here, it is also observed that the N-2p empty
states hybridized with Al-3p remain undisturbed until
800 °C. This is in good correlation with GIXRD data, since
the constituent phases remain fundamentally cubic. At
900 °C and 1000 °C, a change in the overall lineshape is
observed, which correlates well with the formation of the
hexagonal phase. In addition, the existence of a sharp peak
at ~401.4 eV is observed; the peak has fine structure which
coincides with the vibrational fine structure of the =*
excited states of N,. Although it would be difficult to quan-
tify the overall mass of this feature with respect to the AIN
phase (and consequently with respect to the entire film)
owing to the close overlap with the first N Is peak of the
h-AIN spectrum (feature Q in Fig. 3c), this spectral feature
could probably correspond to an amount of a “third
phase” (possibly molecular N, trapped within the film),
which could be formed during the phase transformation
process as a residual substance. Owing to the slightly
higher nitrogen content measured in the samples, it is rea-
sonable to presume that, because of the deposition condi-
tions, N is also incorporated into interstitial sites during
the synthesis, causing some amount of microstrain, which

after c-TiN
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Fig. 4. N K-edge XAS patterns after c-TiN signal subtraction (normalized

at 398 eV TiN standard peak) for as-deposited and annealed Ti3;Als;N
films.
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also triggers in part the spinodal decomposition at
~800 °C. The identification of such molecular nitrogen
“third phase”, observed for samples annealed at 900 °C
and 1000 °C, was further investigated using second-order
synchrotron X-ray techniques and is presented and
discussed in detail in the following section.

3.3. Resonant inelastic X-ray scattering and X-ray emission
features

RIXS and X-ray emission spectroscopy (XES) are cle-
ment-sensitive techniques employed to gather information
on the occupied density of states. By tuning the excitation
energy just above the absorption edge of a certain element,
one can obtain the partial density of states (p-DOS) of this
element in the VB (normal X-ray emission). In contrast,
when the energy of the incident radiation is tuned to reso-
nantly knock out an inner shell electron to an unoccupied
excited state of the atom, it is possible to obtain the char-
acter of the electronic excitation of that intermediate state
using RIXS. Fig. Sa—c shows the RIXS spectra at the N 1s
from TiN, h-AIN and a Ti33Alg;N film annealed in vacuum
at 1000 °C, respectively. Fig. 5a shows that TiN has metal-
lic character, as there is finite DOS at the Fermi level,

415.6 eV

409.3 eV
406.5 eV

Intensity (arb. units)

400.1 eV

398.7 eV

6293

connecting the VB and the conduction. The observed RIXS
spectra correlate well with the original reference on RIXS,
where TiN was used as the first testing material [3]. In con-
trast, Fig. Sb shows the insulating character of h-AIN with
a band gap of ~6 eV, which is in good agreement with the
recent value reported by Magnuson et al. [31]. Fig. 5c
shows a superposition of two components of TiN and
AIN, as one can clearly see from the 435 eV-excited spec-
trum. The lowest part of the Ti;_,Al,.N CB has TiN char-
acter which contributes to the metallic character. The SXA
peaks > 401.6 eV are clearly of AIN character, since the
resonantly excited spectra showed a full-width at half max-
imum (FWHM) (1.3 eV) close to that of AIN.

However, the resonantly excited Ti;_, Al N at 401.2 eV
is not exactly the same as the corresponding TiN or AIN
spectra, so the mixed film is not a simple mixing of alumi-
num nitride and titanium nitride. Instead, as described in
the previous section, a small amount of molecular nitrogen
appears to be formed upon decomposition. Concerning the
annealed Tiz3Alg;N sample, it is observed that the FWHM
of the RIXS spectra at 401.6 eV and above is ~1.3 ¢V,
which is similar to that observed in h-AIN RIXS
(Fig. 5b), while the FWHM of the RIXS spectra
<400.0 eV matches those for TiN RIXS (Fig. 5a). In

TiAIN annealed 1000C
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Fig. 5. N K-edge RIXS spectra: (a) TiN; (b) h-AIN; (c¢) Ti33Alg;N film annealed in vacuum at 1000 °C. The FWHM is indicated for several RIXS spectra

of the sample annealed at 1000 °C.
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addition, the lineshape of RIXS spectra in the high energy
range (>401.6 eV) shows a small feature ~4 eV lower than
the main valence peak, while the RIXS spectra in the low
energy range (<400.0 eV) show a small shoulder ~3.5eV
higher than the main VB peak, in good correlation with
the h-AIN and TiN RIXS spectra shown as standards. In
the middle energy range, there is a resonance at 401 eV,
which cannot be correlated to RIXS spectra of either h-
AIN or TiN and seems to be associated with the absorption
peak for molecular nitrogen. If N is not bound to any other
element, but just as a molecule, its states are molecular and,
consequently, very localized. In this case, a core hole would
decay by a resonant process involving the same electron
previously excited. The observation of the resonance would
be a proof of the highly localized character of the N states
at this peak and, consequently, of their molecular charac-
ter. The presence of molecular nitrogen by X-ray absorp-
tion has been reported during the oxide formation of
titanium-based nitride films [32] as well as during high-
energy N5 implantation in Ti surfaces [33], with the feature
being associated with the replacement or saturation of Ti—
N bonds. Moreover, the formation of molecular dinitrogen
species has also been reported recently in alumina samples
as well as in GaAs, InSb and InAs semiconductors upon
low-energy N, ion bombardment [34,35]. In those cases,
it was speculated that the dinitrogen molecules remain
trapped in either vacancy or interstitial sites. While it is
not possible, at the present stage, to determine the mecha-
nism by which such molecular dinitrogen species form in
the composite fine structure of decomposed supersaturated
Ti;_AlN films, one can speculate that, during the segre-
gation of the h-AIN phase and owing to the inhomoge-
neous distribution of Al in the films [6], two nitrogen
atoms would coincide locally and associate into a molecule,
remaining trapped in the grain boundaries of the formed
nanocomposite. In addition, the formation of N, could
be attributed to the replacement of a small part of the N
bonds in ¢-TiN domains, formed during the decomposi-
tion, by the residual oxygen within the films, as has been
observed in the oxidation of pure TiN films [33]. Indepen-
dently of the mechanism by which these dinitrogen species
are formed, the molecules remain trapped in the film up to
at least 1000 °C and therefore could play a role in the
reported high micro-stress levels observed by high resolu-
tion transmission electron microscopy and the overall
physical properties of decomposed Ti;_,AlN films [4,5].

Fig. 6 shows soft X-ray emission spectra at the N K-edge
of Ti;_,AlN films as deposited and annealed at 700, 800
and 1000 °C measured at an excitation energy of 435¢V.
Reference spectra of h-AIN (bottom) and TiN (top) are
also shown for comparison. Consequently, Fig. 5 shows
the occupied N-p partial DOS of the VB in the different
samples.

Some differences can be observed between the
Ti;_ Al N samples, both in the energy position of the
top of the band and in the spectral shape. The position
of the top of the band can be associated with the band

N2Zp PDOS —

in TiAIN (ann. T) - b

Intensity (arb. units)

800°C

1000°C

h-AIN

-8 -6 -4 -2 0 2 4 6
Binding Energy (eV) relative to AIN VBM

Fig. 6. N K-emission spectra (only the valence-band emission is shown).
The spectra are plotted relative to the binding energy of the VBM of h-
AIN. The dashed lines indicate the motion of the top and bottom of the
VB, and are guides to the eye. Inset shows the good fit of the emission
spectra for the sample annealed at 1000 °C and that of simulated emission
spectra of TiN (35%) and h-AIN (65%).

gap width [36]. The higher the energy of the top of the
band, the narrower the band gap becomes. The samples
show a trend for the band gap between the as-deposited
sample and that at 800 °C to increase upon annealing.
The sample annealed at 1000 °C apparently follows the
same trend, but the small feature observed near 2 eV, sim-
ilar to that observed for the TiN reference, indicates that
this sample has an apparent lack of band gap similar to
TiN. However, one should be very careful assigning a band
gap value, since that band gap would correspond only to
the formed c-TiN domains, which account only for about
one-third of the entire film.

Concerning the spectral shape, there is no apparent
change between the as-deposited sample and those
annealed at 700 and 800 °C as was the case with N 1s
TFY XANES spectra (Fig. 3c). However, the sample
annealed at 1000 °C shows clear differences. First, there is
a small bump at 2 eV, as mentioned above, which could
indicate the precipitation of TiN in this sample. The main
peak is slightly shifted to a position close to that of h-AIN,
with a shoulder at the lower energy side which coincides
with the position of the main peak of TiN. In addition, a
clear peak is observed at —5 eV, which correlates with a
similar peak present in the h-AIN sample. All these obser-
vations suggest that in this sample a phase separation into
h-AIN and TiN has occurred. The 1000 °C XES spectrum
was compared against a spectrum constructed by superpos-
ing 65% h-AIN and 35% TiN spectra (inset in Fig. 6). The
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model spectrum fit the observed spectrum quite closely,
indicating the overall chemical composition is largely main-
tained besides the formation of molecular dinitrogen
species.

4. Conclusions

This paper has shown the beautiful structural electronic
fingerprints of a long discussed and contended decomposi-
tion process. The structural features that indicate that h-
AIN domains start to form already at 900 °C, and from
N K-edge it was demonstrated that the decomposed film
is not a simple mixture of c-TiN and h-AIN. Despite the
difficulty in identifying phase transformations in the mate-
rial, owing to its complex fine-grained structure, the combi-
nation of X-ray absorption, X-ray emission and RIXS
spectroscopy proved to be a useful approach in combina-
tion with XRD data and simulation from first principles
to uncover detailed evidence of spinodal decomposition,
phase transformation and molecular nitrogen in the sam-
ples. These results should be of use in understanding such
structural changes in Ti;_,Al.N and provide proof from
the electronic structure to other experimental tests reported
in the literature.

The Ti K-edge in titanium aluminum nitride films
matched the spectrum of the TiN sample upon annealing
at 900 °C; this was a clear evidence that the phase decom-
position had taken place. Then, at the same temperature,
the formation of h-AIN was evidenced by the Al K-edge
XANES, while <900 °C the Al K XANES peak remained
mostly cubic, which is consistent with the two-step decom-
position process as well as with X-ray emission data for the
N K-edge, which also showed the nucleation of the h-AIN
phase at temperatures >800 °C. The RIXS technique near
the N K-edge revealed the nanocomposite formation of
the films upon annealing at 1000 °C by comparing the line-
shape and FWHM of the RIXS spectra with that of the
RIXS features of TiN and h-AIN standards. It was found
that the resonantly excited Ti;_ Al N at ~401.2eV did
not match the RIXS spectra for TiN or AIN, so it was
determined that the mixed film is not a simple mixing of
aluminum nitride and titanium nitride and that there is a
small amount of molecular nitrogen appearing upon
decomposition. The formation of molecular di-nitrogen
molecules could be due to the presence of interstitial nitro-
gen in the as deposited sample together with the structural
disorder and irregular distribution of the metal compo-
nents in supersaturated Ti;_,Al,N. The dinitrogen mole-
cules remain trapped at the grain boundaries of the
formed nanocomposite sample up to at least 1000 °C.
The decomposition process of the c-Ti;_,Al N is further
evidenced by the fact that it was possible to obtain a close
match between the XES spectra for the sample annealed at
1000 °C and a simulated spectrum composed of a 35% c-
TiN and 65% h-AIN composite. Moreover, the data pre-
sented have now triggered in-depth theoretical studies,
which are currently under way, since for the first time it

is possible to correlate the electronic structure as calculated
by state-of-the-art computer models to one comprehensive
experimental data set. This is of prime importance for the
refinement of computer models to handle more complex
materials and transformations than is currently possible.
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